How T cells become restricted to binding antigenic peptides within class I or class II major histocompatibility complex molecules (pMHCI or pMHCII, respectively) via clonotypic T-cell receptors (TCRs) remains debated. During development, if TCR-pMHC interactions exceed an affinity threshold, a signal is generated that positively selects the thymocyte to become a mature CD4 + or CD8 + T cell that can recognize foreign peptides within MHCII or MHCI, respectively. But whether TCRs possess an intrinsic, subthreshold specificity for MHC that facilitates sampling of the peptides within MHC during positive selection or T-cell activation is undefined. Here we asked if increasing the frequency of lymphocyte-specific protein tyrosine kinase (Lck)-associated CD4 molecules in T-cell hybridomas would allow for the detection of subthreshold TCR-MHC interactions. The reactivity of 10 distinct TCRs was assessed in response to selecting and nonselecting MHCII bearing cognate, null, or "shaved" peptides with alanine substitutions at known TCR contact residues: Three of the TCRs were selected on MHCII and have defined peptide specificity, two were selected on MHCI and have a known pMHC specificity, and five were generated in vitro without defined selecting or cognate pMHC. Our central finding is that IL-2 was made when each TCR interacted with selecting or nonselecting MHCII presenting shaved peptides. These responses were abrogated by anti-CD4 antibodies and mutagenesis of CD4. They were also inhibited by anti-MHC antibodies that block TCR-MHCII interactions. We interpret these data as functional evidence for TCR-intrinsic specificity for MHCII.
How T cells become restricted to binding antigenic peptides within class I or class II major histocompatibility complex molecules (pMHCI or pMHCII, respectively) via clonotypic T-cell receptors (TCRs) remains debated. During development, if TCR-pMHC interactions exceed an affinity threshold, a signal is generated that positively selects the thymocyte to become a mature CD4 + or CD8 + T cell that can recognize foreign peptides within MHCII or MHCI, respectively. But whether TCRs possess an intrinsic, subthreshold specificity for MHC that facilitates sampling of the peptides within MHC during positive selection or T-cell activation is undefined. Here we asked if increasing the frequency of lymphocyte-specific protein tyrosine kinase (Lck)-associated CD4 molecules in T-cell hybridomas would allow for the detection of subthreshold TCR-MHC interactions. The reactivity of 10 distinct TCRs was assessed in response to selecting and nonselecting MHCII bearing cognate, null, or "shaved" peptides with alanine substitutions at known TCR contact residues: Three of the TCRs were selected on MHCII and have defined peptide specificity, two were selected on MHCI and have a known pMHC specificity, and five were generated in vitro without defined selecting or cognate pMHC. Our central finding is that IL-2 was made when each TCR interacted with selecting or nonselecting MHCII presenting shaved peptides. These responses were abrogated by anti-CD4 antibodies and mutagenesis of CD4. They were also inhibited by anti-MHC antibodies that block TCR-MHCII interactions. We interpret these data as functional evidence for TCR-intrinsic specificity for MHCII.
TCR | MHC | restriction | CD4 | Lck P ositive and negative selection limit the αβT-cell repertoire to cells expressing clonotypic T-cell receptors (TCRs) that distinguish the antigenicity of peptides embedded within class I and class II major histocompatibility complex molecules (pMHCI or pMHCII, respectively) based on their source of origin (i.e., self or foreign) (1) (2) (3) (4) . Approximately 7.5% of CD4 +
CD8
+ doublepositive (DP) thymocytes express TCRs that interact with selfpMHC above an affinity threshold required for positive selection, whereas 7.5% cross a higher affinity threshold that mediates negative selection and the remaining TCRs fail to direct positive selection (5) . The rules that restrict TCR recognition of antigenic peptides within MHCI or MHCII are unresolved.
Two models have been proposed to explain MHC restriction. One posits that restriction is imposed by CD4 or CD8 during thymocyte development to eliminate TCRs that recognize non-MHC ligands (2, 6) . Here, the CD4-and CD8-associated Src kinase, p56
Lck [lymphocyte-specific protein tyrosine kinase (Lck)], is sequestered away from the immunoreceptor tyrosine-based activation motifs (ITAMs) of the TCR-associated CD3δe, CD3γe, and CD3ζζ signaling modules. Positively selecting signals are then generated in thymocytes expressing TCRs that bind MHCII or MHCI together with CD4 or CD8, respectively, as this localizes Lck to the ITAMs. Those thymocytes expressing TCRs that do not bind MHCI or MHCII would fail to localize Lck to the ITAMs and die. In the second model, germ line-encoded complementary determining regions (CDR) 1 and 2 allow each clonotypic TCR to bind distinct classes and alleles of MHC molecules via unique yet specific recognition codons that impose a canonical docking polarity and MHC restriction (1, 3, 4, 7, 8) . Although it is not obvious that these models are mutually exclusive, the key distinction is that in the first model the randomly generated preselection TCR repertoire would contain TCRs that do and do not bind pMHC, whereas in the second model most if not all TCRs would have a specificity for MHC that is germ line-encoded, regardless of the class or allele of MHC.
The canonical docking polarity of TCRs on MHCI or MHCII observed in crystal structures, and the CDR1 and CDR2 contacts therein, provides evidence for germ line-encoded TCR-MHC interactions for positively selected TCRs (1, 3, 4, 7, 8) . But this is taken as supporting either model, as germ line-encoded contacts are likely to be required to allow the formation of a TCR-CD3-pMHC-CD4/CD8 macrocomplex that situates the CD3 ITAMs and Lck in a functionally mandated orientation (1-4, 6, 9, 10) . Structural insights from positively selected TCRs thus do not allow the basis of MHC restriction to be cleanly addressed, and functional data that support either model have been reported (11) (12) (13) (14) (15) .
An open question that can shed light on the similarities and differences between the two models is whether TCRs participate in subthreshold scanning of MHC (4, 16) . Scanning would allow a TCR to dock on MHC and survey its contents for peptides that increase the duration of TCR-pMHC interactions, via contacts with clonotypic CDR3s, and allow the formation of a TCR-CD3-pMHC-CD4/CD8 macrocomplex that generates signals (4, 10) . In the co-receptor imposed model, a diverse preselection repertoire would contain TCRs with no intrinsic capacity to bind MHC, TCRs that interact with pMHC by atypical modalities, and TCRs that interact with a composite pMHC surface in a canonical modality in a lock-and-key manner akin to antibody-antigen
Significance
Most receptors co-evolve with specific ligands, whereas antibody-antigen pairing reflects interactions to a novel ligand (antigen) selected from a library of random antibodies. αβT-cell receptors (TCRs) lie somewhere in between. They are encoded by rearranged gene segments and screened for their ability to bind novel peptide fragments derived from foreign pathogens. But, unlike antibodies, they are restricted to recognizing peptides within allelic variants of related ligand scaffolds-MHCI and MHCII. It remains debated whether TCRs have an intrinsic specificity for MHC, like other receptor-ligand pairs, or if their recognition mirrors antibody-antigen interactions. This study presents functional evidence for TCRs interacting with MHC in an allele-independent and peptide sequence-independent manner, thus providing evidence for TCR-intrinsic recognition of MHC. recognition (2, 6) . Once selected, this last group of TCRs would be predicted to scan composite pMHC with shapes (i.e., topology and chemical characteristics) related to the selecting pMHCpresumably the same MHC, or similar allelic variant, presenting related peptides. In the germ line-encoded recognition model, TCR scanning of MHC via recognition codons would be intrinsic to most if not all TCRs, regardless of the class of MHC, allelic variants, or the peptide sequence therein (4) . At present, functional evidence for TCR scanning of MHC is lacking, regardless of whether it is MHC class-, allele-, and peptide sequencedependent.
Recently, the frequency of Lck-associated CD4 molecules was proposed to influence if a TCR-pMHC interaction is of sufficient duration to direct a specific cell fate decision, such as negative selection (17) . We thus hypothesized that genetically increasing the frequency of CD4-Lck association should allow for the detection of subthreshold TCR-pMHC interactions that are normally of insufficient duration to elicit a functional response. Here we show that T-cell hybridomas expressing 10 distinct TCRs along with a CD4-Lck fusion make IL-2 in response to APCs expressing selecting or nonselecting MHCII, regardless of the sequence of the presented peptide. These responses were independent of positive selection on MHCII, as TCRs that were positively selected on MHCI, or generated in vitro and thus not thymically selected, yielded similar responses. These data provide functional evidence for subthreshold TCR scanning of MHCII that is independent of the class of MHC, the allele, or the peptide sequence therein.
Results
Enhanced Responsiveness to Cognate pMHCII Stimulation. To confirm that fusing CD4 to Lck increases T-cell hybridoma sensitivity, as previously shown (18), we generated 58α − β − T-cell hybridoma lines expressing the 5c.c7 TCR, specific for a moth cytochrome c peptide (MCC 88-103) in I-E k , along with wildtype CD4 (CD4WT), a C-terminally truncated CD4 (CD4T) that lacks the Lck-binding clasp domain, or a CD4-Lck fusion protein (18) (19) (20) . Similar levels of TCR and CD4 were expressed on all cell lines (Fig. S1A) . We then measured IL-2 production in response to varying MCC concentrations presented by Chinese hamster ovary cells ectopically expressing I-E k (CHO I-E k ) ( Fig.  S1B) (21) . The CD4-Lck cells produced more IL-2 than the CD4WT or CD4T cells, even at low MCC concentrations. The CD4T cells, in which Lck cannot interact with CD4 via the clasp (22) , had lower responses than the CD4WT cells. These data confirm that fusing CD4 to Lck enhances T-cell hybridoma responses to agonist pMHC (18) .
Increased Lck Localization in DSMs with the TCR. We next compared the amount of Lck associated with CD4 in the CD4WT and CD4T cells relative to the CD4-Lck cells (100% Lck association) to relate differences in responsiveness between these cells to Lck association with CD4. Immunoprecipitation of whole-cell lysates (WCLs) from CD4WT cells revealed that ∼6% of the CD4 signal was associated with Lck relative to the CD4-Lck fusion after detection with a flow-based flourophore-linked immunosorbant assay (FFLISA) (Fig. 1A) , similarly to what has been shown for DP thymocytes (17) . Interestingly, immunoprecipitation from CD4T WCL indicated that ∼3% of the CD4 signal was associated with Lck relative to the fusion even though CD4T lacks the clasp that mediates association with Lck. This is likely to be due to co-association in detergent-resistant membrane domains (DRMs) rather than direct interactions (23) .
Given these findings, we assessed the membrane compartmentalization of CD4 and CD4-associated Lck molecules relative to the TCR in each cell line to determine if responsiveness corresponded to the concentration of Lck and TCR in the same membrane fraction. The TCR is reported to localize to detergentsoluble membrane domains (DSMs) after sucrose fractionation, whereas Lck and Lck-associated CD4 localize to DRMs; however, the CD4-Lck fusion lacks a myristoylation site reported to impact Lck localization to DRMs and a palmitoylation site in CD4 that may also impact DRM localization (23, 24) . We used FFLISA to measure TCR, CD4, and Lck in sucrose gradient DRM fractions 2-6 and DSM fractions 7-10. The TCR primarily localized to DSMs for all cells (Fig. S1C) . Interestingly, CD4 was mostly detected in DSMs for all cells, with a smaller percentage being localized to DRMs (Fig. S1D) .
We also assessed the amount of Lck that co-precipitated with CD4 in each fraction. Most CD4-associated Lck signals for CD4T cells were present in the DRM fractions (Fig. 1B) . This suggests that CD4's Lck-independent function might be partly attributed to CD4T molecules colocalizing with Lck in specific membrane domains in the absence of direct interactions. CD4T could thus recruit Lck to the TCR-CD3 complex even if with less efficiency than CD4WT. For both the CD4WT and CD4-Lck lysates, the CD4-associated Lck signal was most abundant in the DSMs rather than the DRMs (Fig. 1B) . The total signal intensity for CD4-associated Lck was higher for the CD4-Lck cells compared with the CD4WT cells, indicating that there is higher colocalization of TCR and Lck in DSM fractions for the CD4-Lck cells (Fig. 1C ). Thus, a higher frequency of CD4-associated Lck would be available for recruitment to TCR-pMHC interactions. One prediction of these results is that the CD4-Lck cells should be more sensitive to lower affinity TCR-pMHC interactions if activation depends on the frequency of Lck-associated CD4 molecules encountered during the course of TCR-pMHC interactions (17) .
Fusing CD4 to Lck Reveals Responses to Null pMHCII. To test this prediction, we examined responses to TCR-pMHC interactions of different affinities using altered peptide ligands (APLs) of MCC for cells expressing the 5c.c7 or 2B4 TCRs. M12 cells expressing I-E k tethered to an agonist (MCC), weak agonist (T102S), antagonist (T102G), or null peptide from mouse hemoglobin d allele peptide (Hb 64-76) were used as APCs (19, 25) . Importantly, 5c.c7 and 2B4 interactions with T102G:I-E k are too weak to measure by surface plasmon resonance, whereas both interact with a shorter half-life with T102S:I-E k than MCC:I-E k (16, 20, 26, 27) . The 5c.c7 CD4WT cells produced more IL-2 in response to MCC than to T102S or T102G and none in response to HB ( Fig. 2A) (20, 26) . The CD4T cells followed a similar, albeit reduced, pattern of IL-2 production ( Fig. 2A) . Although it was surprising that a detectible response was observed for the CD4WT and CD4T cells to T102G, we suspect this is due to the high expression level of this single pMHC species.
By comparison, the CD4-Lck cells produced similar amounts of IL-2 in response to MCC as the CD4WT cells, more upon stimulation with T102S, and even more to T102G. Surprisingly, they also produced IL-2 in response to the null HB peptide (Fig. 2A). The same results were obtained using the 2B4 TCR, which binds MCC in I-E k with higher affinity than the 5c.c7 TCR (Fig. S1 E and F) (20) . These results are consistent with an increased frequency of Lck-associated CD4 molecules amplifying signals from shorter duration TCR-pMHC interactions (17) . In support of this, the inverse hierarchy of responses to APLs was not due to activation-induced cell death upon stimulation with MCC compared with T102S and T102G (Fig. S1G ). Rather, we found that CD4WT cells down-regulated TCR proportionally to the potency of the pMHC (i.e., MCC > T102S > T102G > HB), whereas the CD4-Lck cells down-regulated TCR levels equally in response to MCC, T102S, T102G, and even slightly in response to HB relative to M12 cells not bearing a tethered pMHC (Fig. S1H ). These results suggest that the increased IL-2 production by CD4-Lck cells in response to T102S, T102G, and HB cells compared with the CD4WT cells is due to increased TCR triggering and endocytosis.
As an additional control, we generated cells expressing a CD4-Lck fusion mutated at the CD4 D1 domain (CD4 Δbind Lck) to ensure that the response profiles reported above depended on CD4 binding to MHCII rather than increased Lck levels in the cell (19) . The CD4
Δbind
Lck cells did not produce IL-2 in response to any of the peptides tested, so the responsiveness of the CD4-Lck fusion is dependent on binding to MHCII and not due to overexpression of Lck ( Fig. 2A and Fig. S1F ). Furthermore, superantigens (SAg) do not appear to be a factor in the HB response, as the CD4WT, CD4T, and CD4
Lck cells failed to respond to HB and the CD4-Lck cells failed to respond to the parental M12 (Fig. S1I) .
To evaluate if the CD4-Lck fusion would impart responsiveness to null pMHC for cells expressing a distinct TCR restricted to a different MHCII molecule, we generated cell lines expressing the OT-II TCR specific for an ovalbumin-derived peptide (Ova 326-338) in I-A b along with the different CD4 constructs (Fig.  S2A) (28) . M12 cells were generated expressing I-A b tethered to the Ova peptide or to three distinct peptides bound to I-A b : the E641 peptide derived from the West Nile Virus Envelope protein (641-655), a peptide from the Francisella tularensis lipoprotein Tul4 (Ft 86-99), or the 2W peptide from I-Eα (52-68) (29) (30) (31) . Although the OT-II CD4WT and CD4T cells responded to Ova, they failed to respond to the E641, Ft, or 2W:I-A b pMHC complexes. The OT-II CD4-Lck cells produced similar amounts of IL-2 in response to Ova as the CD4WT or CD4T cells (Fig. 2B ) but also responded to the three null peptides, whereas OT-II CD4 Δbind Lck only responded weakly to Ova (Fig. 2B) .
Altogether, these data suggest that fusing CD4 to Lck makes T-cell hybridomas sensitive to subthreshold TCR-MHC interactions that may reflect scanning of the MHC allele for which the TCR was positively selected. The failure of the CD4WT, CD4T, and CD4
Δbind Lck OT-II cells to respond to the null peptides, and the absence of a response by the CD4-Lck cells to the parental M12 (Fig. S2B) , suggests that SAgs are not a contributing factor.
Peptide Sequence-Independent Scanning of MHCII. To determine if hybridomas expressing CD4-Lck can respond to MHCII bearing peptides that lack known TCR contact residues, we generated M12 APCs presenting a "shaved" variant of MCC in I-E k in which the TCR contact residues were mutated to alanines (MCC4A). Cells expressing the 5c.c7 TCR and CD4-Lck, but not CD4WT or CD4 Δbind Lck, produced similar amounts of IL-2 in response to MCC4A as they did to HB APCs ( Figs. 2A and 3A) . Antibodies that block CD4 and I-E k abrogated this response, whereas those that block CD8 did not (Fig. 3B) . Similar results were obtained with the 2B4 TCR when blocked with a clonotypic antibody against the 2B4 TCR (a2b4) (Fig. S3 A-C) . Together with the CD4
Lck results, these data indicate this peptide sequence-independent response is dependent on both CD4-MHC and TCR-MHC interactions.
To confirm that TCR-peptide contacts were not required, we tested OT-II CD4-Lck cell responses to pMHC in which TCR contact residues were mutated to reduce or eliminate CDR3 contributions. Here, we generated M12 APCs expressing a shaved variant of the 2W peptide in which we changed the residues that protrude from the MHC toward the TCR to alanines (2W4A) (32) . The OT-II CD4-Lck cells, but not the OT-II CD4WT or CD4 Δbind Lck cells, responded to APCs presenting the 2W4A peptide (Fig. 3C) , and this peptide sequence-independent response was abolished by antibodies blocking MHC class II (M5) or CD4 (GK1.5) (Fig. 3D) . The anti-MHCII antibodies also blocked IL-2 production in response to cognate peptide by hybridomas expressing the 2B4 or OT-II TCR without CD4, confirming that they block TCR-MHC interactions ( (Fig. 4B) , but the CD4WT, CD4T, or CD4
Lck cells did not. Thus, the CD4-Lck fusion allowed for detection of peptide sequence-independent and alleleindependent TCR interactions with MHC.
To further evaluate if these responses reflected TCR interactions that were independent of peptide sequence, we measured the responses of 5c.c7, 2B4, and OT-II CD4-Lck cells to nonselecting pMHC complexes presenting the shaved peptides. The 5c.c7 and 2B4 CD4-Lck cells produced IL-2 in response to 2W4A:I-A b (Fig. 4A and Fig. S3G ), and the OT-II CD4-Lck cells responded to MCC4A:I-E k (Fig. 4B ). These responses depended on TCR-MHC and CD4-MHC interactions (Fig. S3 G-K) as well as the high ligand density of the shaved pMHC (Fig. S3 L and M) .
We interpret these data as evidence that TCRs that have undergone positive selection on a particular MHCII can specifically interact with a different MHCII regardless of the sequence of the presented peptide. Because the three TCRs tested were selected on MHCII, the data do not address if a TCR can scan MHCII if it was selected on MHCI.
MHCI-Selected TCRs Can Scan MHCII. To address if TCRs that are positively selected on MHCI can scan MHCII, we generated cell lines expressing the well-defined OT-I TCR (Fig. S4A) , which recognizes an ovalbumin-derived peptide (aa 257-264) in the context of H2-K b (33) , and cell lines expressing the gBT TCR, which recognizes the HSV-1 glycoprotein B peptide (aa 498-505) in H2-K b (Fig. S4B ) (34) . OT-I CD4-Lck cells produced IL-2 in response to M12 cells expressing the Ova, E641, Ft, 2W, or 2W4A peptides in I-A b as well as to M12 cells expressing the MCC, T102S, T102G, HB, or MCC4A peptides in I-E k ( Fig. S4  C and D) , whereas the OT-I CD4WT, CD4T, or CD4
Δbind Lck did not. Additionally, the response of OT-I CD4-Lck lines to 2W4A:I-A b and MCC4A:I-E k were blocked by anti-MHC and anti-CD4 (Fig. 5 A and B) . Similarly, gBT CD4-Lck cells produced IL-2 in response to M12 cells expressing either 2W4A:I-A b or MCC4A:I-E k in a TCR-MHC-and CD4-MHC-dependent manner ( Fig. 5 C and D) , whereas cells expressing the gBT TCR with CD4WT or CD4
Lck did not (Fig. S4 E and F) . Importantly, CD4-Lck cells expressing the OT-I or gBT TCR, as well as the 5c.c7, 2B4, or OT-II TCRs, did not respond to parental M12 cells lacking high densities of ectopic pMHC (Fig. S5 A-E) . We interpret these data as evidence for an inherent TCR specificity for MHCII, regardless of the class of the positively selecting MHC, the allelic variant, or the sequence of the presented peptide.
In Vitro-Generated TCRs Scan MHCII. We next created cell lines expressing in vitro-generated TCRs to ask if TCRs that have not undergone thymic selection exhibit characteristics of MHC scanning. Accordingly, we coexpressed the 2B4 alpha and OT-II beta (2a.OIIb) or OT-II alpha and 2B4 beta (OIIa.2b) subunits to make two unique TCRs that mimic random pairing of TCRα and TCRβ subunits in the preselection repertoire (Fig. S6 A and B) .
Both the 2a.OIIb and OIIa.2b CD4-Lck cells produced IL-2 in response to Ova, E641, Ft, and 2W in I-A b (Fig. S6 C and D) , as well as to MCC, T102S, T102G, and HB in I-E k ( Fig. S6 E and F) , whereas the CD4WT, CD4T, or the CD4 Δbind Lck cells did not. Importantly, the CD4-Lck cells also responded to 2W4A and MCC4A, suggesting that the responses occurred irrespective of CDR3 interactions with TCR contact residues on the peptide (Fig.  6A and Fig. S6 C-G) . These responses depended on TCR-MHC and CD4-MHC interactions, as they could be abrogated by antibody blockade and the CD4 Δbind mutation (Fig. 6A and Fig. S6 C-G) . Because the subunits used to generate the 2a.OIIb and OIIa.2b TCRs originated from those that had undergone positive selection on MHCII, albeit on different alleles, we also generated cells expressing in vitro-generated TCRs comprised of the OT-I TCRα paired with the OT-II TCRβ (OIa.OIIb) or vice versa (OIIa.OIb) (Fig. S7A) . Again, the CD4-Lck cells produced IL-2 in response to M12 cells expressing each of the five peptides presented in I-A b as well as to the five peptides presented in I-E k ( Fig. S7 B and C) . Anti-MHC and anti-CD4 abrogated the responses of both lines to 2W4A:I-A b and MCC4A:I-E k ( Fig. 6B and Fig. S7D ). Additionally, we generated a TCR expressing the TCRα from an MHCIrestricted TCR that recognizes a West Nile Virus Ns4b epitope (aa 2488-2496) in H2-D b (35) paired with a TCRβ of unknown specificity that uses TRBV14 (Vβ13) (WNVa.Vb13) (Fig. S7E) (Fig. S7 F  and G) . Again, the response of CD4-Lck cells was blocked by anti-MHC or anti-CD4 (Fig. S7 H and I) . Also, none of the CD4-Lck cells expressing in vitro-generated TCRs produced IL-2 in response to parental M12 cells lacking ectopically expressed pMHC (Fig. S8  A-C) . Therefore, TCRs generated in vitro by random TCRα and TCRβ pairing, as would occur in the preselection repertoire, nevertheless specifically interact with MHCII in an allele-independent and peptide sequence-independent manner. TCR Scanning of MHCII on Spleenocytes. Finally, as the experiments above used cell lines expressing high levels of a single pMHCII species as APCs, we asked if CD4-Lck cells expressing the previously tested TCRs could respond to T-cell-depleted spleenocytes (SNs) from C57BL/6 mice. CD4-Lck cells expressing the 5c.c7, OT-II, OT-I, gBT, OIa.OIIb, or OIIa.OIb TCR all responded in a TCR-MHC and CD4-MHC interaction-dependent manner (Fig. 7 A-C and Fig. S9 A-F), as did those expressing the 2B4 or WNVa. Vb13 TCRs (Fig. S9 G and H) . These data indicate that the CD4-Lck fusion reveals TCR interactions with MHCII on normal APCs presenting a diverse repertoire of peptides.
Discussion
Unlike systems where single receptor-ligand interactions coevolve, or antibody-antigen recognition where a library of antibodies encoded by rearranged gene segments are screened for CDR1, 2, and 3 combinations that interact with a previously unencountered antigen, αβT cells use clonotypic TCRs encoded by rearranged gene segments to discriminate self from foreign peptides embedded within allelic variants of related ligand scaffolds-MHCI and MHCII. Such recognition poses interesting conceptual and experimental challenges for understanding how every T cell in the repertoire has arrived at a middle ground where TCRs are both MHC restricted and yet specific for one or a few related peptides out of the universe of potential peptides.
The two dominant models posited to explain MHC restriction make distinct predictions about TCR scanning of MHC. In the co-receptor imposed selection model, lock-and-key TCR-pMHC interactions should limit scanning to related shapes of the positively selecting MHC class, allele, and peptides. In contrast, the germ line-encoded recognition model predicts scanning occurs regardless of the class of MHC, allelic variants, or the peptide sequence. Because the TCRs used here can mediate positive selection or are composed of subunits that mediated positive selection in their original pairing, the responses observed with these TCRs in CD4-Lck cells can be evaluated within the context of these predictions. The data are most consistent with subthreshold scanning that is independent of the MHC class, allele, and peptide sequence upon which the TCR was selected. For example, CD4-Lck cells expressing the 5c.c7 and 2B4 TCRs responded to a shaved peptide in I-A b as well as SNs from C57Bl/6 mice. Because 5c.c7 and 2B4 Tg thymocytes do not positively select on the C57BL/6 (H-2 b ) background (36, 37) , the data suggest that these TCRs can scan I-A b but fail to encounter peptides that push TCRpMHC interactions above the positively selecting threshold. The MHCI (H2-K b )-restricted OT-I and gBT TCRs (33, 34) , which direct CD8 lineage commitment in C57BL/6 mice, also interact with MHCII in an allele-and peptide sequence-independent fashion. This suggests that these TCRs can scan I-A b in C57BL/6 mice but do not encounter peptides that push them above the threshold for positive selection of thymocytes to the CD4 lineage. These results are distinct from those showing that overexpression of CD8 in OT-I Tg thymocytes allows for the detection of specific self-peptides in the restricting MHCI (H2-K b ) (33) . Finally, the five in vitro-generated TCRs, used here to mimic random pairing of TCRα and TCRβ in the preselection repertoire (15) , are significant. If TCR restriction to pMHC mimics antibody-antigen recognition, such that scanning is limited to related pMHC shapes, then each TCRα and TCRβ pairing would create unique shape complementarity and new restrictions on the pMHC that can be scanned. However, each in vitro-generated TCR, including those with subunits from MHCI-selected TCRs, interacted with MHCII in an allele-and peptide sequence-independent manner. Altogether 10 distinct TCRs with distinct characteristics displayed functional evidence of allele-, peptide sequence-, and in two cases (i.e., OT-I and gBT), MHC class-independent scanning of MHCII. An exhaustive survey of all potential TCRα and TCRβ combinations with MHC is beyond the scope of this study, and some TCRs may not display intrinsic specificity for some MHC molecules. Nevertheless, the simplest interpretation of our data is that there exists an intrinsic, germ line-encoded recognition of MHCII by the TCR.
That MHC scanning was revealed by fusing Lck to CD4 is also important. For example, cells bearing the 5c.c7 or 2B4 TCRs responded to a low-affinity antagonist pMHC (T102G:I-E k ) proportionally to the extent of Lck association with CD4 within the cells (CD4-Lck > CD4WT > CD4T). Although CD4T cannot associate with Lck via the intracellular clasp, we detected small amounts of association within DRMs that suggest that CD4T may be able to recruit Lck to a TCR-CD3 complex at some low frequency and this may partially explain its Lck-independent function (38) . Also of note, the CD4 Δbind Lck cells that have 100% association with Lck but are mutated at their MHCII binding site (19) did not respond to T102G. These cells should have normal levels of free Lck, similar to the CD4T cells that were generated from the same parental cell line, which would not be sequestered away from the TCR-CD3 complex by a co-receptor. Nevertheless, these cells barely responded to agonist pMHC. Thus, the extent of CD4 association with Lck and its ability to interact with MHCII was integral to determining if the duration of TCR occupancy was converted to signaling. These data are consistent with a model in which occupied TCR-CD3 complexes scan co-receptors for those associated with active Lck, and these combination of events set signaling thresholds (17) .
Altogether, the evidence for TCR scanning of MHC presented here is consistent with the hypothesis that the propensity of αβTCRs to recognize peptide presented by MHCI or MHCII is germ line-encoded and thus intrinsic to the TCR. The duration of TCR interactions with pMHCI or pMHCII, due to clonotypic CDR3 interactions with the peptide, and the extent of CD8 or CD4 association with active Lck would then determine if a clonotypic TCR exceeds a signaling threshold for positive selection to the CD8 or CD4 lineage, respectively. Co-receptor scanning by the TCR would thus impose MHCI or MHCII restriction through recruitment of active Lck to the TCR-CD3 complex to mediate positive selection (17) . A positively selected TCR would then be specifically restricted to recognizing antigenic peptides within the context of the selecting class and allele of MHC, regardless of its intrinsic ability to scan any MHC.
Materials and Methods
Constructs. MSCV-based retroviral expression vectors were used here (19) . All proteins are described by amino acid number beginning at the start methionine. The 5c.c7 and 2B4 TCR constructs were previously described (19, 39) . The OT-II, OT-I, and gBT TCRs were PCR-amplified from genomic DNA of transgenic mice (28, 34, 40) . The WNVa TCRα chain (WNVa) was amplified from genomic DNA from WNV-NS4B transgenic mice and uses TRAV14-1 (Vα2) and TRAJ16. The last four amino acids of the V region, nucleotide additions, and first four amino acids of the J region are CAAS-ATSS. The Vb13 TCRβ chain was amplified from splenic cDNA from a C57BL/6 mouse and uses the TRBV14 (Vβ13) and TRBJ2-1 gene segment with the last four amino acids of the V region, nucleotide additions and D region, and first four amino acids of the J region as follows: CASS-YRV-AEQF. Full-length CD3δ, e, γ, and ζ were encoded on a poly-cistronic construct as previously described (39, 41) . CD4T (aa 1-421) was described elsewhere (19) , and CD4-Lck encodes CD4T (aa 1-421) fused via a linker (AAAS) to Lck (aa 2-509). The CD4 Δbind mutant was previously described (19) . Constructs encoding T102G:I-E k or the shaved MCC variant, MCC4A:I-E k (ANERADLIAYLKQATK to ANERADAIAALAQAAK), were generated similarly to the previously described MCC:I-E Cell Lines and Flow Cytometry. The 58α − β − and M12 cell lines were generated as previously described (19) and the CHO cells expressing I-E k (CHO I-E k ) as described elsewhere (21) . Surface expression of TCRβ Vβ3 (mAb clone KJ25 PE), TCRβ Vβ5 (mAb clone MR9-4 FITC), CD3e (mAb clone 145-2C11 PE-Cy7), and CD4 (mAb clone GK1.5 e450) expression on 58α Relative gMFI was calculated by normalizing the TCR gMFI of each sample to cells cultured with parental M12 cells.
Membrane Fractionation and FFLISA. Membrane fractionation was performed similarly to Hur et al. (42) . We lysed 4 × 10 7 58α
− β − cells in 1 mL ice-cold 1%
Triton X-100 in TNE (25 mM Tris, 150 mM sodium chloride, 5 mM EDTA) for 10 min followed by homogenization with a dounce homogenizer. Lysates were brought to 2.5 mL in an ultracentrifuge tube with lysis buffer and mixed with 2.5 mL 80% (wt/vol) sucrose in TNE. These were overlayed with 5 mL of 30% (wt/vol) sucrose in TNE followed by 3 mL of 5% (wt/vol) sucrose. After centrifugation for 18 h at 36,000 rpm at 4°C using an SW40Ti rotor, fractions were collected from the top and the DRM band was visible at the interface between the 5% and 30% sucrose layers (fractions 3-4). FFLISA was performed by immunoprecipitating TCR or CD4 from WCLs or membrane fractions using streptavidin-conjugated microspheres (Polysciences) coated with biotinylated anti-TCRβ (clone H57) or anti-CD4 (mAb clone RM4-4). Beads were washed with 0.1% lysis buffer in TNE followed by incubation with antibodies against either TCR (Vα11, mAb clone RR8-1 APC), CD4 (mAb clone GK1.5 PE), or Lck (mAb clone 3A5 PE) for 1 h at 4°C and then washed. Protein was detected by flow cytometry. 
